A major subclass of protein-protein interactions is formed by homo-oligomers with certain symmetry. Therefore, computational modeling of the symmetric protein complexes is important for understanding the molecular mechanism of related biological processes. Although several symmetric docking algorithms have been developed for Cn symmetry, few docking servers have been proposed for Dn symmetry. Here, we present HSYMDOCK, a web server of our hierarchical symmetric docking algorithm that supports both Cn and Dn symmetry. The HSYMDOCK server was extensively evaluated on three benchmarks of symmetric protein complexes, including the 20 CASP11-CAPRI30 homo-oligomer targets, the symmetric docking benchmark of 213 Cn targets and 35 Dn targets, and a nonredundant test set of 55 transmembrane proteins. It was shown that HSYM-DOCK obtained a significantly better performance than other similar docking algorithms. The server supports both sequence and structure inputs for the monomer/subunit. Users have an option to provide the symmetry type of the complex, or the server can predict the symmetry type automatically. The docking process is fast and on average consumes 10∼20 min for a docking job. The HSYMDOCK web server is available at http://huanglab.phys.hust.edu. cn/hsymdock/.
INTRODUCTION
Protein-protein interactions play critical roles in many biological processes such as signal transduction, cell regulation, DNA replication and repair, and RNA transcription. Therefore, determining the complex structure of the interactions is crucial for understanding the molecular mechanism and developing drugs targeting these interactions (1) . Due to the high cost and technical difficulties in experimental methods, protein-protein docking has played an important role in filling the gap between the large number of individual protein structures and the limited number of complex structures in the Protein Data Bank (PDB) (2) . Given two individual proteins, protein-protein docking samples possible binding modes of one protein within a binding site if the binding site is available or around the whole surface of the other protein if the binding site is unknown. An energy scoring function is then used to rank the generated binding modes, and the top-scored modes are predicted as the complex structures. For years, a variety of algorithms have been developed for protein-protein docking and achieved many successes in various systems (1, 3) .
To make protein-protein docking user-friendly, a number of protein-protein docking servers such as ClusPro (4), HADDOCK (5), RosettaDock server (6), GRAMM-X (7), 3D-Garden (8) , HEX server (9), SwarmDock (10), ZDOCK server (11) , PatchDock (12) , ATTRACT (13) , pyDockSAXS (14) , InterEvDock (15) and HDOCK server (16) have been developed and made available for public access. With these servers, users can easily run local or global docking to obtain predicted complex structures with individual proteins by ab initio docking or template-based docking, where experimental binding information and coevolutionary data from structures or sequences may be used.
A major subclass of protein-protein interactions is formed by symmetric homo-oligomers (17) (18) (19) . For example, as of 30 December 2017, more than one third (i.e. 52367) of the total entries in the PDB have certain types of symmetry. It has been thought that the symmetry of homooligomeric protein assemblies is associated with many potential benefits like greater stability, reduced aggregation, and robustness against errors in synthesis (17, 18) . Many transmembrane proteins like ion channels are formed by symmetric homo-oligomer assemblies. The interfaces between symmetric homo-oligomers are often the targeting sites for the regulation of biological processes (20) . Therefore, determination of symmetric homo-oligomer structures W424 Nucleic Acids Research, 2018, Vol. 46 , Web Server issue is essential for understanding the biological functions of symmetric proteins at the molecular level. Theoretically, one may use a general protein-protein docking algorithm to generate the structure of symmetric homo-oligomers. However, due to the constraints introduced from symmetry, general docking algorithm is often not efficient in predicting the structure of symmetric homo-oligomers. On the one hand, without the symmetry constraints, general docking algorithms need to search much more space; On the other hand, general docking algorithm may not be able to construct complex structures with strict symmetry. Therefore, specialized docking algorithms are necessary for the structure prediction of symmetric protein complexes.
There are two major groups of symmetry in the PDB. One is cyclic (Cn symmetry), for which oligomeric structure can be described by a rotation around a single rotation axis of one subunit. The other is the dihedral group (Dn symmetry), which combines one rotational Cn axis with a perpendicular axis of 2-fold symmetry (18) . Several algorithms have been developed for symmetric protein docking. Wolfson and colleagues developed a geometry-based docking algorithm for the prediction of cyclically symmetric complexes, which is referred to as SymmDock (21) . SymmDock uses local feature matching to produce the candidate set of transformations by restricting the search to symmetric cyclic transformations. The Weng group used an FFT-based algorithm for protein-protein docking with Cn symmetry by restricting the search to the cyclic symmetry (M-ZDOCK) (22) . With more and more symmetric structures available in the PDB, several web servers that use template-based methods like ROBETTA (23), SWISS-MODEL (24) , and GalaxyGemini (25) have been proposed to predict the homo-oligomer structure. Very recently, the Seok group has proposed an approach for homo-oligomer structure prediction from a monomer sequence or structure by template-based modeling or ab initio docking (GalaxyHomomer) (26) . However, few docking servers support ab initio docking of homo-oligomers with Dn symmetry, except SAM (27) . Given that a significant portion (about one sixth) of symmetric complexes belongs to Dn symmetry, an algorithm that can handle the homo-oligomer docking with Dn symmetry is necessary. Meeting the needs, we have developed a web server for the symmetric docking of homooligomers with both Cn and Dn symmetry by implementing our symmetric docking algorithm for the Critical Assessment of Prediction of Interactions (CAPRI) experiments (28) , which is referred to as HSYMDOCK. Compared to similar docking servers, our HSYMDOCK server accepts not only structure but also sequence as input for the subunit. The docking process is fully automatic and the results are interactively provided to users through a user-friendly web page.
MATERIALS AND METHODS

The docking protocol of HSYMDOCK
HSYMDOCK is supported by our hierarchical symmetric docking algorithm (29) and iterative scoring function for protein-protein interactions (30) . Several third-party pro- grams and a set of tools developed by our group are used to streamline the docking protocol. The workflow of HSYM-DOCK is shown in Figure 1 .
HSYMDOCK starts from a monomer or subunit and a symmetry type. The server accepts both sequence and structure for the subunit. Both Cn and Dn symmetries are supported. Users are also given an option to provide information about the binding site.
Then, the server will check the input for the subunit. If the input is a structure, the pipeline will go to the next docking step. If the input for the subunit is a sequence, its structure will be constructed by homology modeling as follows. A sequence similarity search is conducted against the PDB database to find the homologous templates for the target protein. Here, the HHSuite package is used for the sequence search (31), due to its efficient detection of remote homologs. If multiple templates are detected, the one with the highest sequence coverage, the highest sequence similarity, and the highest resolution will be selected. With the selected template, the 3D structure of the subunit is built using MODELLER (32) , in which the sequence alignment is conducted using ClustalW (33, 34) .
With the user-provided symmetry type (Cn or Dn) and the structure modeled by our server or uploaded by users, the workflow enters the next step, i.e. symmetric protein docking. Here, a hierarchical FFT-based docking program developed by our group, is used to globally sample putative binding modes with Cn symmetry (29) . If the job is to predict the structure of a Cn symmetric homo-oligomer, only one round of Cn symmetric docking step will be performed.
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If the job is to predict a homo-oligomer with Dn symmetry, an additional C2 symmetric docking with previously predicted Cn complexes will be conducted to construct the Dn homo-oligomers around an additional perpendicular axis, in which the top 100 previously predicted Cn complexes are used. The docking process can also incorporate the binding site information if users have provided such information at the time of submission. The final top 100 predictions are provided to users through a result web page, in which users can interactively view the top 10 binding models through a Jmol web interface (35) .
Docking and scoring method
We have developed an FFT-based symmetric protein docking algorithm to globally sample putative homo-oligomers with Cyclic symmetry by restricting the translational search on the x-y plane perpendicular to the z-axis of Cn symmetry for each rotation. An improved pairwise scoring function is used for initial shape matching during the global search (36) . The key point of our new scoring function is that the score for a ligand grid will take into account the contributions not only from its nearest neighboring receptor grids but also from other receptor grids by a form of ∼ e −1/r 2 , where r is the distance between the ligand grid and the receptor grids. An angle interval of 10
• is used for rotational sampling, and a spacing of 1.2Å is adopted for the FFT-based translational search. For each rotation, the four translations, which correspond to the best shape complementarity scores in the four quadrants of the x-y plane, are selected. For Dn symmetric docking, an additional C2 symmetric docking is performed with the previously constructed complexes of Cn symmetry by using an additional perpendicular axis of symmetry. All the binding modes are evaluated by ITScorePP (30) and ranked by their binding scores. The final ranked binding modes are clustered with an RMSD cutoff of 5Å (3), where the RMSD is calculated using backbone atoms. If two binding modes have a ligand RMSD of ≤5Å, the one with the better score is kept. By default, the top 100 homo-oligomeric models are output to users through a result web page.
Input
HSYMDOCK requires users to provide a monomer or subunit for the prediction of homo-oligomeric complexes. For the subunit, both structure and sequence inputs are supported. The server accepts four types of inputs for the subunit protein, two of which are for structure and the other two are for sequence.
• Upload your pdb file in PDB format.
• Provide your structure in PDB ID:ChainID (e.g. 5A6X:A).
• Copy and paste your protein sequence in FASTA format.
• Upload your protein sequence file in FASTA format Only one type of input is needed. For sequence input, the maximum number of amino acids is set to 2000 and modified amino acids are not supported. For structure input, the maximum number of atoms is set to 20 000 and modified amino acids are treated as the most basic types. Users can upload their own pdb files or provide the PDB: chain ID(s). Since our structural modeling protocol is currently designed to model single-chain proteins from sequences, users are recommended to upload their own structures if the subunit protein contains multiple chains.
In addition to the subunit protein, users have an option to provide a symmetry type, or the server will predict the symmetry type automatically. The server supports both Cyclic (Cn) and Dihedral (Dn) symmetry. By default, the top 100 symmetric homo-oligomer complexes are output, while users can change the number within the range from 1 to 500 when submitting their job.
In addition, users also have an option to provide information about the binding site, i.e. the residues at the binding interface between symmetric subunits of the complex. The binding site information, if provided, will be used in the post-docking clustering stage as a filter after the FFT-based search. A few residues for the binding site are sufficient for constraining correct binding modes. Users may also give a name to their job and provide an email address for notification of job completion.
Benchmarks
CASP-CAPRI targets.
In collaboration with recent CASP sessions (37), CAPRI had two rounds for the prediction of homo-oligomer complexes. There are a total of 30 homomer targets with Cn or Dn symmetry in these CAPRI challenges, of which 23 targets are from round 30 (i.e. CASP11-CAPRI30 challenges) and 7 targets are from round 37 (i.e. CASP12-CAPRI37 challenges). These targets formed a valuable benchmark for blindly testing the performance of a docking algorithm and/or scoring function.
As biological information about binding may be used during the blind prediction of CASP-CAPRI challenges, the performance in CAPRI experiments may not reflect the predictive capability of the docking algorithm alone. Therefore, we have tested our HSYMDOCK on the 20 homooligomer proteins among the targets of CASP11-CAPRI30 by using the monomer models from the CASP11 I-TASSER server predictions (Supplementary Table S1 ) (37) , in which no biological information about binding was used.
Symmetric docking benchmark. In addition to the CASP-CAPRI homo-multimer targets, we have also constructed a non-redundant benchmark for symmetric protein-protein docking based on the experimentally determined structures in the PDB, the details of which were described elsewhere (http://huanglab.phys.hust.edu.cn/SDBenchmark/). Briefly, all the homo-oligomeric protein complexes with certain symmetry (e.g. Cn, Dn, H, I, T, etc.) were collected from the crystal structures with resolution better than 2.5Å in the PDB. Only the biological unit was considered when determining its symmetry type. These biologically symmetric homo-oligomer complexes were then clustered according to their SCOP (version 1.75) family IDs (38) . For the symmetric complexes belonging to the same family, the one with W426 Nucleic Acids Research, 2018, Vol. 46 , Web Server issue the best resolution was selected as the representative of the family, corresponding to a bound case of our benchmark, in which each subunit is called the bound structure of the complex. Namely, the symmetric complex for a bound case is the cocrystallized one of bound structures. For the bound structure in each bound case, the unbound structure was identified by searching against the PDB database for the asymmetric structures using the FASTA program (39) . If an asymmetric structure had >95% sequence identity with the bound structure and covered >95% of the sequence alignment, the asymmetric structure was regarded as a candidate of the unbound structure. Namely, the unbound structure is Table S2 ). There targets were used to further validate the symmetric docking algorithm of HSYMDOCK.
Transmembrane proteins. Among the class of symmetric protein complexes, an important part that acting as homooligomers are transmembrane (TM) proteins like ion channels. Due to the effect of membranes, this category of proteins may present different challenges in predictions. Therefore, to test the predictive power of HSYMDOCK on such proteins, we have also constructed a test set of symmetric membrane proteins. Specifically, we filtered all the PDB entries in the PDBTM database (version: 16 June 2017) (40) with the following criteria. First, the proteins are crystal structures with resolution of ≤2.0Å. Second, each subunit of the protein consists of only one protein chain. Then, all the proteins were clustered with a sequence identity cutoff of 70%, and the one with the best resolution in each cluster was selected as the representative. This yielded a final set of 55 symmetric transmembrane proteins (Supplementary Table S3 ). For each TM protein, the monomer structure was modeled by our in-house homology modeling protocol of HSYMDOCK, in which the templates with higher than 40% sequence identity were excluded.
Evaluation criteria
The quality of a predicted binding mode is measured by three parameters used in CAPRI: the ligand RMSD (L RMSD ) after superimposition of receptor proteins, the interface RMSD after superimposition of interface residues between the predicted and native structures (I RMSD ), and the percentage of native contacts (f nat ) (28) . Here, the RMSD is calculated based on the backbone atoms, and the interface is defined as those residues that are within 10Å from the partner molecules in the native structure. According to the CAPRI criteria, the accuracy of a prediction can be divided into four categories: 'High', 'Medium', 'Acceptable' and 'Incorrect' (28) . This is the default criteria, unless otherwise specified. A prediction with an at least acceptable accuracy is defined as a hit. For evaluation on a benchmark, the docking performance is measured by the success rate, i.e. the percentage of the cases with at least one hit within a certain number of predictions.
RESULTS
HSYMDOCK server
The HSYMDOCK server is hosted on a Linux server of two compute nodes, each of which includes two Intel(R) Xeon E5-2690 v4 2.60GHz CPUs with 28 cores and 256 GB of Memory. A maximum of 50 jobs can be running at the same time while hundreds of jobs can be queued in the background. The docking process is fast and the average running time for a docking calculation is 10-20 min. The web server is built on Apache HTTP, HTML, PHP and the JSmol web applet for the docking pipeline and binding model visualization. The web service does not require registration and can be freely accessed.
After users submit input data, the HSYMDOCK server will put the docking job in queue immediately. At the same time, the web interface will be redirected to a web page showing the job ID and running status. The job status including 'QUEUED', 'RUNNING' and 'RESULTS' will be updated every 10 s on the status page. The URL to the docking results is something like http://huanglab.phys.hust.edu. cn/hsymdock/data/jobid, where 'jobid' is a unique job ID assigned by the server. Users can bookmark the job status page for access to the docking results at a later time. Users will also be notified by email when the job is finished if a valid email address is provided at the time of job submission.
Output
When a job is done, the docking results will be provided to users on a result page, as shown in Figure 2 . The docking results include two types of files for download:
• The individual symmetric homo-oligomer models for the top 20 predictions .
• The compressed packages for the top 10 predictions, the top 100 predictions, and all the docking results.
Since the top 10 homo-oligomer models are normally regarded as the most important predictions, the result page provides an interactive view of the top 10 models using the Jmol software (35) . Users can choose to view any of the top 10 models or all together by different representations and styles.
The result page also gives a summary of the rankings and docking scores for the top 10 homo-oligomer models. However, it should be noted that the docking scores here do not reflect the true binding affinities, but a relative ranking of the homo-oligomer models. It is also recommended that users download their docking results as soon as their job is done, as the job results will only be stored on our server for two weeks.
In addition, if only a sequence is provided as the input for a protein, the result page will also show the information of homology modeling, including the used template, model quality, sequence alignment and sequence identity between the template and the input sequence. The model quality is classified as 'High' if the sequence identity is >50%, 'Medium' if the sequence identity is between 30% and 50%, and 'Low' if the sequence identity is <30%. 
Docking performance
CASP-CAPRI targets.
We have participated in recent CASP-CAPRI experiments for the prediction of all 30 homo-oligomeric protein complexes in rounds 30 and 37. Of the 23 homo-oligomer targets from CASP11-CAPRI30, our docking approach, similar to that used in HSYM-DOCK, obtained the structures with an acceptable accuracy or better for 14 targets, though it should be noted that biological information like templates were used in the CAPRI experiments. The results ranked our approach as the top predictor based on the number of targets for which at least one acceptable solution was reached (29, 37) . Of the seven homo-oligomer proteins in CASP12-CAPRI30, our group achieved an at least acceptable prediction for five targets, compared to six targets for the best-performed group (41) .
We have further tested HSYMDOCK on the 20 targets from CASP11-CAPRI30 by using modeled monomer structures. Figure 3 shows the number of targets with at lease one hit by HSYMDOCK when the top 1 and top 5 predictions were considered. The accuracies and ranks of first hits for all the cases are listed in Supplementary Table Symmetric docking benchmark. We further tested our HSYMDOCK algorithm on the symmetric protein docking benchmark of 213 Cn targets and 35 Dn targets. For Cn symmetry, the quality of a docking model was measured according to the CAPRI criterion (28) For Dn symmetry, the quality of a binding mode was evaluated by the average ligand RMSD of the other subunits after the first subunit was superimposed onto the native structure. The performance was characterized by the success rate, i.e. the fraction of the targets with at least one hit in the test set when a certain number of top predictions are considered. Here, a hit or successful prediction is defined as a model with an acceptable accuracy or better for Cn targets according to the CAPRI criteria (28) or with an average ligand RMSD of <10Å for Dn targets (3) . Figure 4 shows the success rate of HSYMDOCK as a function of the number of top predictions in binding mode prediction for the 213 cases with Cn symmetry. The accuracies and ranks of first hits for all the cases are listed in Supplementary Table S2 . For comparison, the figure also gives the corresponding results for three other state-of-the-art Cn symmetric docking algorithms, M-ZDOCK (22), SymmDock (21) and SAM (27) , on this benchmark, in which the same clustering criteria for the binding modes have been applied.
It can be seen from Figure 4 that HSYMDOCK obtained a significantly better performance than the other three docking methods for bound docking and achieved a success rate of 76.1% within top 10 predictions, compared to 66.2% for M-ZDOCK, 61.0% for SAM and 42.3% for SymmDock, respectively ( Figure 4A ). Similar trend can also be observed in the results of unbound docking, the performance differences are not as much as those in bound docking due to the effect of conformational changes. Namely, HSYMDOCK performed significantly better than the other three methods for unbound docking and obtained a success rate of 48.8% for top 10 predictions, compared to 44.1% for M-ZDOCK, 40.4% for SAM and 37.1% for SymmDock, respectively ( Figure 4B ).
When tested on the targets with Dn symmetry, HSYM-DOCK was also efficient and had a success rate of 85.7% for bound docking and 54.3% for unbound docking when the top 10 predictions were considered, compared to 51.4% and 37.1% for SAM, respectively ( Figure 4C and D) . The higher success rate on the Dn targets than that on the Cn targets can be understood because the additional two-fold symmetry of Dn considerably reduces the search space during docking and thus increase the probability of finding a correct model.
Transmembrane proteins. Figure 5 shows the the success rate of HSYMDOCK on the nonredundant benchmark of 55 transmembrane (TM) proteins when the top 1 and top 5 predictions were considered. For comparison, the figure also lists the results of other two methods, GalaxyHomomer and HH+MODELLER, on a similar benchmark of 47 transmembrane proteins developed by the Seok group (26) . It can be seen from the figure that HSYMDOCK achieved a significantly better performance and obtained a success rate of 54.5% and 65.5% when the top 1 and top 5 predictions were considered, compared to 40.4% and 40.4% for GalaxyHomomer and 29.8% and 38.3% for HH+MODELLER, respectively. The high success rate of HSYMDOCK suggests the strong capability in predicting the complex structures of TM proteins.
Discussions. Despite the good performances on a variety of benchmarks of symmetric proteins, HSYMDOCK also missed correct predictions for a significantly number of targets, especially for unbound docking (see, e.g. Figure 4) . Therefore, we have manually examined those cases for which HSYMDOCK failed to give any correct binding modes even the top 1000 predictions were considered. It was found that three factors may contribute to the failure in bound and also unbound cases. First, the binding interfaces between subunits in some complexes are small and therefore the native complex can not be ranked favorably during docking. Second, some complexes are formed by intertwined monomers and therefore post a challenge in sampling. In addition, some proteins are not strictly symmetric and thus difficult to predict. For unbound cases, there are two major reasons for the failure. One is the conformational changes in the unbound structures. The other is due to some missing parts or extra segments in the unbound structures, compared to the corresponding bound structures, which will significantly change the binding interface.
Comparing Figures 4 and 5 , one can find that HSYM-DOCK performs significantly better on the transmembrane proteins than on the general symmetric complexes. This may be understood as follows. The monomers of transmembrane proteins are normally in linear shape, especially for ␣-helical transmembrane proteins. They are often much longer in one direction (say Z direction) than in other directions (say X and Y directions). Therefore, the binding interface in head-to-head style is much smaller than the correct interface in side-by-side way. This effectively reduce the number of favorable binding modes because of the small binding interfaces of head-by-head binding modes, and thus increase the probability of ranking correct binding modes within top predictions. In contrast, the general symmetric complexes are formed by globule proteins. The monomers of globule proteins are relatively more symmetric than transmembrane proteins and therefore can form favorable binding interfaces in all directions, causing a challenge in ranking. Figure 6 shows two examples of the docking models predicted by our HSYMDOCK web server. One is a homooligomeric protein complex with Cn symmetry, which is the serine proteinase inhibitor CI-2 from barley seeds (PDB code: 2CI2) (42) . The other is a homo-oligomeric protein complex with Dn symmetry for the HSYMDOCK example page, which is the LecB lectin from Pseudomonas aerug- 
Examples of the docking models
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inosa strain PA14 (PDB code: 5A6X) (43) . Only the sequence of the subunit was provided as input and no binding site information was given when submitting the docking jobs. Among the top 10 constructed models, for the Cn target, the first model gives a medium accuracy with an interface RMSD of 1.07Å from the native structure ( Figure 6A) , while for the Dn target, the first model has an high accuracy with an interface RMSD of 0.46Å ( Figure 6B ).
CONCLUSION
We have developed HSYMDOCK, a user-friendly web server for predicting the structures of homo-oligomer complexes with Cn or Dn symmetry. The docking server accepts both sequence and structure as input for the subunit. The server efficiently integrates multiple components including sequence search, template selection, model building, and global symmetric docking. Our symmetric docking algorithm, similar to that in HSYMDOCK, obtained correct predictions for 14 cases of 23 homo-oligomer targets in recent CASP11-CAPRI30 challenges. HSYMDOCK was extensively tested on three benchmarks of diverse symmetric protein complexes and showed a significantly better performance than other similar docking algorithms or servers. Without using biological information, HSYMDOK yielded at least acceptable modes for 14 of 20 homo-oligomer targets from CASP11-CAPRI30 within top 5 predictions. When tested on a nonredundant symmetric protein docking benchmark of 213 Cn targets, HSYMDOCK obtained a success rate of 76.1% and 48.8% for bound and unbound docking when the top 10 predictions were considered. HSYMDOCK is also efficient on the targets with Dn symmetry, and obtained a success rate 85.7% for bound docking and 54.3% for unbound docking within top 10 predictions. In addition, HSYMDOCK also showed a strong predictive power on membrane proteins, and obtained a success rate of 65.5% within top 5 predictions on a benchmark of 55 symmetric transmembrane proteins. These results validated our HSYMDOCK as an efficient symmetric docking web server.
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